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TESTSOFFULL-SCALESPACESHUTTLE

MODEL81-0 HRSITPSFILES
UNDERA SIMULATEDLAUNCHENVIRONMENT
IN THENASA/_RC9x7-FOOTWINDTL_NEL

(0S55/57)

by

R. B. Kingsland

ABSTRACT

Twolarge-scale test articles containing SpaceShuttle undensified and

densified HRSI(High TemperatureReusableSurface Insulation) tile con-

figurations were tested in the 9x7-foot leg of the Unitary Plan Wind

Tunnel at AmesResearchCenter. These two tests were successfully

accomplishedduring the period from February to August, 1981. Tests

were conducted at freestream Machnumbersfrom 1.8 to 2.5 and dynamic

pressures from 422 to 862 PSF. The objective of these tests was to

exposeTPS(Thermal Protection System) tiles to a knownaerodynamicshock

pressure gradient environment and to measureloads and venting characteristics

of these tiles. These loads were measuredusing two methods. Onemethod

was to measurethe loads directly using transducers applied to the tile at

its' bond line. The other methodwas by measuring the tile internal, SIP

(Strain Isolator Pad),and surface pressure distributions.

The resultant air loads measuredon the tiles showacceptable agreement

with the theoretically derived tile loads mathmodel. The SIP pressures

followed the internal tile pressures for the undensified tile. However,

for the densified tile, there wasa large pressure lag between the SIP

and internal tile pressures whenthe shockwas over the tile. This pressure

lag is, however, within the tolerance band of the tile loads math model.
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INTRODUCTION

OV 102 Ferry Flight Operations revealed unanticipated sensitivity of thermal

protection system (TPS) elements to airstream effects such as gap filler

migration, loosening of small-footprint tiles, and lifting of mini-tile

segments. Inasmuch as the ferry-flight speed (200 kn) was substantially

less than mission speed, further assessments of TPS sensitivities to air-

stream effects were undertaken. A TPS flow test program was initiated

to obtain additional performance data on various reusable surface insulation

(RSI) tile configurations, components and installations in high dynamic

pressure environments. The wind tunnel tests described in this report

are part of this program.

Wind Tunnel Test 0S55 was conducted to define and improve the understanding

of undensified tile venting characteristics and resultant tile loads.

Two approaches were used to measure the loads; one was by static pressures,

and the other was with a special strain-gage transducer tile balance ("COE

Tile Balance"). Test OS57 was conducted to investigate the venting

characteristics of densified tiles.

The aerodynamic environme_t used to obtain the tile venting characteristics

was a compression shock/pressure gradient. Both tests were conducted il_

the Ames Research Center (ARC) 9x7-ft. Supersonic Wind Tunnel using the

wind tunnel ceiling-panel fixture, 81-_. Test OS55 was conducted on

February 27 and March 2, 1983 and Test 0S57 was conducted on August 26 and

27, ]981.



INTRODUCTION(Concluded)

This report presents information on the conduct of the tests, details of

the test article, test facility, and instrumentation, and plotted and

tabulated data. Tabulated pressure data from OS55are presented in

Appendix A while the OS57tunnel data are presented in Appendix B. Plotted

data from the COETile Balancealong with balance construction and cali-

bration details are presented in Appendix C which is the final report from

COEEngineering Incorporated.



SYMBOL

Cp

HRSI

ID

IML

kn

Mach

OML

OVI02

P

PCF

P_

PT

q

R e

RMS

RSI

RTV

SIP

MNEMONIC

CP

DATE

M, MACH

P

PT

Q(PSF), Q

Q(psi)

RUN

TIME

NOMENCLATURE

DEFINITION

Local Pressure Coefficient

Date on which Data were Recorded, M/DD/Y

High-Temperature Reusable Surface

Ins_iat_on

Inside Diameter

Inner Mold Line

Knots

Mach Number

Outer Mold Line

Orbiter Vehicle 102

Freestream Static Pressure, psi

Pounds per Cubic Foot

Local Static Pressure

Freestream Total Pressure, in. Hg. or psi

Freestream Dynamic Pressure, PSF in

parameter block and psi in tunnel

conditions

Freestream Reynolds Number, per foot x 10 -6

Root Mean Square

Reusable Surface Insulation

Room-Temperature Vulcanizing Silicon Rub_er

Tunnel Run Number

Strain Isolation Pad

Time at which Data were Recorded, HMM



SYMBOL

T

TPS

TT

Xo,X

Yo

XT

YT

6F,0

MNEMON IC

TTF

XO, X

YO

THETA

NOMENCLATURE (Concluded)

DEFINITION

Freestream Static Temperature, _R

Thermal Protection System

Freestream Total Temperature, OR or OF

Longitudinal Distance - Positive Aft of

Panel Leading Edge, inches

Lateral Distance - Positive to the Right

of the Panel Centerline, inches

Longitudinal Distance - Positive Aft of

Individual Tile Leading Edge, inches

Lateral Distance - Positive to the Right

of the Individual Tile Centerline, inches

Fixture Flap Deflection Angle, degrees

Freestream Density, Slugs/ft 3

INSTRUMENTATION CODE:

W = wall or surface

I = internal

G = side or gap

S = SIP

F = filler bar



REMARKS

During test OS55 the pressure data from tile No. 48 was acquired using

individual transducers. The output from these transducers is questionable

and should not be used.

The data from the Special strain gage transducer ("COE TILE BALANCE") on

tile No. 47 is also not usable from test OS55.

i0



CONFIGURATIONS INVESTIGATED

The test article was not designed to duplicate any particular portion

of the space shuttle orbiter, but was intended solely to investigate

the aerodynamic forces and moments on HRSI tiles.

The test articles consist of 24 by 40 inch arrays of TPS tiles, bonded

to an aluminum base plate (27.5 by 43 by 0.95-inches). The tile arrays

were aligned 45 degrees to the flow as shown in figure 2. Tile Nos.

41 through 55, 60, and 61 are 6 by 6 by l-inch thick, 9 PCF (pounds

per cubic foot) HRSI tiles bonded on 0.160 inch thick SIP.

Tile Nos. 56, 57, 58 and 65 are 9 PCF polyurethane foam bonded on 0.160-

inch thick SIP. The remaining tiles, Nos. 59, 62, 63 and 66 through 71,

are 9 PCF polyurethane foam bonded directly on the base plate.

The test fixture, 81-0, was in the same configuration for both tests. The

fixture included a hatch, which replaces the ceiling of the ARC 9x7-fdot

wind tunnel, a remotely controlled hydraulic actuated flap used to produce

and position a detached compression shock wave, and hardware needed to

close in the plenum behind the test specimen and mount the test panel flush

in the ceiling.

Ii



INSTRUMENTATION

Instrumentation for these tests consisted of static pressures, dynamic

pressures, and the "COETile Balance". The locations of the static

pressure taps for tiles 45 and 48 are given in Tables III and IV,

respectively. Theperipheral static and dynamicorifice locations are

given in Table V and VI, respectively. The positions of the transducers

of the "COETile Balance" are shownin Figure 3a.

The sensor concept employedfor direct tile load and stress measurements

is basedon the deformation of a diaphragmby the relatively compliant tile

material whenloaded. Semi-conductor strain gagesbondedto the diaphragm

sense the deformation. THediaphragmof such a sensor is responsive to

pressure, so pneumaticpressures across the diaphragmmust be equalized

to obtain a pressure response due only to the loading of the compliant

material.

For 0S55and 0S57, twelve commercially available semi-conductor strain

gage type pressure transducers were bondedinto tile 47. The transducers,

which were O.030-O.040-inch thick flat type transducers, were bondedwith

RTVinto small recesses at the IMLo Thin transducers were desired to

obtain load measurementsas close to the tile bondline as possible. The

diaphragmsfaced into the tile, and the back side was flush with the tile

IML. The installations for OS55 and OS57were the sameexcept that

different transducers were used. Photographsof the transducer installations

for OS55and OS57are in Figure 3.

12



INSTRUMENTATION(Continued)

The transducers used on tile 47 for test OS55were 10-year-old Kulite

pressure transducers. The Kulites were the desired flat-pack 0.125 inch

diameter, but they could not be adapted for pressure equalization. Also

the temperature compensationof such old transducers was knownto be in-

adequate for long term steady-state measurements.

NewEntran "Flatline" pressure transducers modified for pressure equali-

zation were used on tile 47 during test OS57. The Entran transducers

are 0.040 inch thick and have a 0.200 inch diameter stainless steel dia-

phragmwith bondedsemi-conductor strain gages. The modification of

pressure equalization consisted of a very small stainless steel right-angle

tube (0.O08-inch ID) that penetrated the sidewall of the transducer and

extended O.050-inch above the diaphragm.

Tile Nos. 45 and 48 were instrumented with 40 pressure taps each (Figure 2b)

per Engineering Order M-927720to measurethe tile surface, internal, gap,

and SIP pressures. The upper 0.120-inch of each tile was removedso that

the surface and internal taps could be installed. The tiles were then

resurfaced with Epoxy. Tile Nos. 42 and 46 were used to route the tubing

from the surface and internal pressures taps of tiles 45 and 48 to under

the base plate. Material was removedfrom the tile upper surface and a

hole madethrough these tiles and base plate. A pressure tight box with

bulkhead fittings for the tubes was attached to the underside of the base

plate (Figure 3b). After all tubing was in place (Figure 3c), an aluminum

plate was installed as the tile upper surface (Figure 3d).

13



INSTRUMENTATION(Concluded)

During test OS55the Epoxy top of tile 48 becamepartially unbonded. In

preparation for test 0S57tile 47 and its associate tile 46 were removed

and replaced. Thenew tile 48 was prepared using densified 9 PCF(LI-900)

material. The instrumentation locations were the sameas those of test

OS55.

The only other changewas that RT_was used to build up the OMLof tile 48

in place of Epoxy.

14



TESTFACILITYDESCRIPTION

The Ames9x7-foot Supersonic WindTunnel is a variable-density, continuous

flow wind tunnel with an adjustable nozzle to permit supersonic testing

over a Machnumberrange continuously variable from 1.5 to 2.5. The

nozzle is of the asyrm_etric, sliding-block type in which the variation of

the test section Machnumberis achieved by translating, in the stream-

wise direction, the fixed-contour block that forms the floor of the nozzle.

The temperature is controlled by aftercooling. Dry air for use in the

circuit is supplied from four 30,000 cubic-foot spherical tanks. The

tunnel drive motors and compressoralso serve the 8 by 7-foot tunnel.

Themotors have a combinedoutput of 180_000horsepowerfor continuous

operations or 216,000horsepowerfor one hour of operation.

15



TESTPROCEDURE

Twotypes of runs were used during these tests; one was a shock sweepand

the other, a Machsweep. In both cases, the tunnel supersonic flow was

established at a low total pressure (less than I0 inches of mercury), then

the desired Machwasestablished, after which the dynamicpressure was

set. Next the trailing edge flap was deflected to the desired starting

position. For a shock sweep, the flap would be deflected while the real

time signals from the Kulites were monitored to place the shock at the

desired position onme test article (Figure 4). For a Machsweep, the

tunnel total pressure or the dynamicpressure was held constant with the

flap angle while the Machnumberwaschanged(Figure 5).

16



DATAREDUCTION

Standard tunnel equations were used to computeall wind tunnel test

conditions.

Local static pressure data was calculated using the following equation:

Cp= (P_ - P) x 144

q

The forces, moments, and corresponding stresses measured by COE

Engineering, Inc. are detailed in Appendix C.

17



DISCUSSIONOFRESULTS

Figure 6 presents the tile surface pressure comparison for the varying

flap conditions of run series No. 4,0S55 (Table II).

The loads on tile No. 45 are presented for the three shock postions -

forward of the tile, on the tile, and aft of the tile.

Figure 7 presents the pressures on the surface and inside the tile for

the case of a shock forward of the tile. The shock position in this

case is approximately three inches forward of the tile.

Figure 8 presents the pressure ol_ the tile surface and inside the tile

for the case of the shock on the tile. The shock position is approxi-

mately 2.8 inches aft of the tile leading edge.

Figure 9 presents the pressures on the tile surface and inside the tile

for the case of the shock aft of the tile. The shock position is

approximately one inch aft of the tile trailing edge.

The pressures measuredin the gaps and filler bar around the tile are

illustrated on Figures 7, 8, and 9. It is noted that these pressures

track the SIP pressure very closely and that the pressures up the tile

along the gaps are approximately constant and equal to the ]ocal SIP

pressures.

A comparison of the panel edge pressures and tile surface pressures for

test OS57is shownin Figure i0 for varying flap angles. Differences

between the tile surface pressures and the shock pressures are due to the

shock box across the panel.

_8



DISCUSSIONOFRESULTS(Concluded)

Figure ii presents surface pressures, SIP pressures, internal pressures

and the present internal pressure design value for tile No. 45 (the un-

densified tile). For all shock locations the SIP pressure followed the

internal pressure.

Figure 12 presents surface pressures, SIP pressures, internal pressure,

and the current design value for tile No. 48, (the densified tile). These

figures showa vent lag betweenthe internal tile pressures and the SIP

pressures. This is due to the densification of the tile.

All data from the "COETile Balance" are presented in Appendix C of this

report.

19
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TABLE I

I I I u

TEST"c___/s_ I
TEST CONDITIONS

DATE : PoS l"FEb r

REYNOLDS NUMBER DYNAMIC PRESSURE STAGNATION TEMPERATURE

MACHNUMBER (per und length) (pounds/sq. inch) (degreesFahrenheit)

oS65:
, i

1-6

0S57:

I-8

l(_,"7

8_,2,

_3.7

79c

BALANCE UTILIZED:

NF

SF

AF

PM

RM

YM

COEFFICIENT
CAPACITY: ACCURACY: TOLERANCE:

COMMENTS:
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TABLE V

PERIPHERAL STATIC TAP LOCATIONS - FIXTURE 81-9

Yo -14.62 14.62
Xo

2 i01 201

6 103 203

i0 105 205

12 - 207

14 107 209

16 - 211

18 !i0 213

20 - 215

22 113 217

24 - 219

26 115 221

28 - 222

30 - 224

32 - 225

34 - 227

36 116 228
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TABLEVI

PERIPHERALKULITEORIFICELOCATIONS- FIXTURE81-_

Yo
-14.62 14.62

Xo

5 102 202

9 104 204

ii 106 206

13 - 208

15 108 210

17 109 212

19 Iii 214

21 112 216

23 - 218

25 114 220

29 - 223

33 - 226
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Appendix A

Dataset

RAJAOI-A03
RAJB01-B03
RAJC01-C03
RAJDOI-D03
RAJE01-E03
RAJF01-F03
RAJGOI-G03
RAJH01-H03
RAJI01-I03
RAJJ01-J03
RAJK01-K03
RAJLOI-L03

Tabulated Source Data - OS55

Description

Tile 45 Surface
Tile 45 Internal
Tile 45 Side
Tile 45 SIP
Tile 45 Filler Bar
Tile 48 Surface
Tile 48 Internal
Tile 48 Side
Tile 48 SIP
Tile 48 Filler Bar
Tile 48 Differential
Panel Edge

Page

1 - i0
ii - 20
21 - 33
34 - 43
44 - 56
57 - 66
67 - 76
77 - 89
90 - 99

I00 -112
113 -122
123 -136

NOTE: Data for Tile 48 are questionable but are presented
herein because they appear in the data figures.
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Tunnel Data - 0S57
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FINAL REPORT - RI CONTRACT _,IIN8XMS-760045P

USE OF STRAIN-GAGE TRANSDUCERS TO MEASURE

AERODYNAMIC FORCES, MOMENTS AND STRESSES

ON SHUTTLE PPS TILES, VOLUME I

Charles F. Cce

SUMMARY

Engineering and instrumentation support has been provided to
Rockwell International Corporation to incorporate special strain-

gage transducers in tiles for the Undensified Tile Vent Tests.
Two tests, _S-55 and 0S-57, were conducted in the Ames Research

Center 9-by ?-foot Supersonic Wind Tunnel. The purpose of the
transducer installation was to measure aerodynamic forces and mo-
ments on tiles and bondline stresses. Different sets of transducers

were installed in a single tile (number 47) for each of the tests.

The transducers used for 0S-55 _roved to be unsatisfactory and no
useful force or stress information was obtained. _easurements of

force, moments and stresses by improved transducers used for 03-57,
however, were successful. The approximate maximum tensile stresses
in the 1-inch thick tile 47 with an external shock-wave loading

(Ap_2psl) were as follows,

Max. combined static stress (F/A * Mc/I)

Max. combined dynamic peak stress 4(Frms/A + MrmsC/I)

Max. static stress measured by single sensor

0.5 _psi

2-4 psi

0.7 psi

Max. dynamic peak stress measured by single sensor 2.2 psi

INTRODUCT ION

Wind-tunnel test 0S-55 and follow-on te_t 0S-57 were initiated with
the objective of defining and improving the understanding of un-
densified tile surface and internal pressure relationships. The
pressure relationships are needed to support the analysis of tile
loads and stresses. The aerodynamic flow field of interest for
these tests is the compression shock wave.

Both 0S-55 and 0S-57 were tested in the Ames Research Center 9-by
?-foot Supersonic Wind Tunnel using an available tunnel-@eillng panel
fixture. A hydraulically actuated flap on the tunnel cailin_ew_-
stream of the panels was deflected into the airstream to position

1



the shock wave onto the panels. Figure 1 shows a photograph of

the panel Installation. Descriptions of the panels and instru-
mentation are given in RI Pretest Reports STS81-o33o dated Feb-

rusty 1981 covering 0S-55 and in STS81-0532 dated August 1981
coverir_g 0S-57.

The purpose of the contract was to provide engineering and instru-
mentation support to Rockwell _ _n0erporato apaQ_al u_rain-gage
transducers in _ile Na, _7 of the 0S-55 and 0S-57 test panels to
measure aerodynamlo forces, moments and stresses. Two other tiles
on each panel (Nos. 45 and 48) were instrumented with 80 pressure

taps. Tile No. 48 was damaged during test 0S-55 and was replaced
with a densified tile for test 0S-57. The instrumented tiles were

among a 24- x 40-1nch array of 1-inch thick HRSI tiles (Figure 2).
The tiles were mounted with O.160-inch SIP to a rigid aluminum

substrate.

This report documents the work covered by this contract. The in-
strumentation installed in tile 47 is described and calibrations
and test results are illustrated.

SENSOR CONCEPT FOR TILE LOADS AND STRESSES

The sensor concept employed for tile load and stress measurements
is based on the deformation of a diaphragm by the relatively com-
pliant tile material when loaded. Semiconductor strain gages bonded
to the diaphragm sense the deformation. Previous tests, 0S-52 and
0S-53, demonstrated that loads could be measured thusly when the
diaphragm was in the substrate at the bondline with the SIP. A
sketch of the load transducer design for 0S-52 is in Figure 3. The
diaphragm of such a sensor is responsive to pressure, and therefore
pneumatic pressures across the diaphragm must be equalL1Kdso that
the pressure response is due only to the loading by the compliant
material.

The transducer diaphragms for 0S-52 and 0S-53 were milled directly
into the panel substrates. For 0S-55 and 0S-57, twelve (12) com-
mercially available semiconductor strain-gage type pressure trans-
ducers were bonded into tile "7. The transducers, which were 0.030-
O.O#O-inch thick flat type transducers, were bonded with RTV into
small recesses at the IML. Thin transducers were desired to obtain

load measurements as close to the tile bondline as possible. The
diaphragms faced into the til_ and the back side was flush with the
tile IML. Figure 4 includes _he RI Engineering Order M-931321 that
describes the installation of tile 47 and placement of instrumen-
tation for 0S-57. The installation for 0S-55 was the same except
that a different transducer was used. Photographs ef the trans-

ducer installations for 0S-55 and 0S-57 are in Figure _ •

2



DESCRIPTION OF TRANSDUCERS USED FOR 0S-55 -

Preparation of the 0S-55 test panel was extremely rushed so that the
test and data analysis could be completed before STS-I° As a con-

:sequence only one-day notice was given on a verbal re_est to provide
transducers to RI and to consult on the installation. With such a
short notice it was impossible _o design and acquire special trans-
ducers needed for sensing loads. The only transducers that were on
hand and remotely suitable for the application were lO-year old
Kulite pressure transducers. The Kulites were the desired flat-pack
design, O.030-inch thick with a silicon pressure diaphragm of
O°125-inoh diameter, but they could not be adapted for pressure
equalization° Also the temperature compensation of such old trans-
ducers was known to be inadequate for long term steady-state measure-
manta. In spite of the high risk of failure a decision was made to
go ahead with the installation of the transducers. It was expected
that the effects of pressure variations could be removed from the
data using the pressure measurements from tiles 45 and 48! and the
insulative property of the tile was expected to minimize temperature
variations durir_g the test=

Calibrations of the transducers in tile 47 were performed after the
03-55 test panel was installed in the wind tunnel (Figure 6 ).
Acceptable calibrations were obtained, but it was noted that voltage
outputs were somewhat unstable. As might be expected, the instability
of the transducer outputs increased during tunnel run_ and unfortu-
nately no useful force or stress data was obtained. The voltage-
outpu_ instability was presumed to be due to temperature effects.

DE_CRIPTI_M OF TRANSDUCERS USED FOR 0S-57

Preparation of new load transducers for 0S-57 commenced immediately
after _ompletton of 0S-5_. There was a possibility that the test
could be repeated quickly because of the availability of the wind
tunnel° Once again, because of a prospectively tight schedule for
tile 4? preparation, there was insufficient time for development
of a speclal _ransducer! however, new Entran "Flatllne" pressure
transducers modified for pressure equalization were recommended
and purchaed by Rockwell (Figure 7 ). The Entran transducers are
O.040-inch thick and have a O°200-inch diameter stainless steel
diaphragm with bonded semiconductor strain gages. The modification
for pressure equalization consisted of a very small stainless steel
right-angle tube (O.O08-inch ID) that penetrated the side-wall of

the transducer and extended 0.050-inch abo_e the diaphragm (Figure 8).



Prior to the purchase of the modified Entran transducers an
evaluation sample without pressure equalization was installed in

a tile and calibrated to determine whether the stability and per-

_ormance would be acceptable. The tile was bonded directly to an
Aluminum plate without SIP. Figure 9 shows a sketch of the tile
and the calibration. As can be _p_n _h_ %_ e_|n was linear
through both _e_n _hd eo_npression leading. It was observed that
_he voltage outputs were stable over a long period after several
hours were allowed for gage self-heating to stabilize.

In order to satisfactorily perform as a load transducer the
pressure equalization must be effective for both steady and
fluctuating pressures. Measurements ef fluctuating pressures
in tiles (0S-36 and 03-37) and in SIP (0S-52) have shown that

significant fluctuating pressures may occur up to lO0 Hz! it is
therefore necessary that amplitudes and phase of the pressures are
not significantly affected by the tubing over the frequency rar_e
from 0 to i00 Hz. Results of caloulations performed by D. Buell

at Ames Research Center showed that the tubing in the Entran

transducers would adequately equalize pressures providing they
were not plugged by t_le material during installation (Figure i0)
When the twelve (12) transducers were installed in tile 47 by a

RI technician special care was taken to avoid blocking the pressure-

equalization _ube. Several trial installations were made to develop
the installation technique. As a result of this experience an
alternate design of the pressure equalization tube was conceived
that would allow clearing the tube after installation.

Calibrations of the transducers in tile "7 were performed before
the tile was bonded to SIP to determine the local tile-stress

sensitivity of each transducer and to determine that the equali-
zation tubes were clear. The stress sensitivity was determined

by placing a 1.23-square inch cylindrical weight of 1.03 pounds

over each transducer at the II_L. The resulting stress sensitivities
of the transducers are given in Table i. The calibrations to dete_-

mine the effectiveness of the pressure equalization tube was performed
with the tile in a vacuum Jar. Pressures were varied several times
from atmosphere to -5 psia, yielding the sensitivities listed in

Table 2. The data in Table 2 show that none of the pressure equali-
zation tubes were totally blockedl however, the tubes in transducers
C704, C708, C710, and C712 were less effective than desired. For

example, I psi of pneumatic pressure at transducer C704 would result

in an error of 15-percent when_the load induced _ressure is I psi.
Consequently the data from transducers C704, C708, C710, and C?12
were not included in the analysis for determining total forces and
moments.
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TILE STRESSES INDUCED BY VACUUM CHUCK

After tile "7 for 0S-57 was bonded to SIP, additional compressive
load calibrations were performed to verify that all the trans-

:ducers still functioned satisfactorily. A vacuum chuck was used
on the tile OML for these calibrations, thus the opportunity was
taken to measure tile stresses due to the application of the
vacuum chuck (Figure ll), The results show that the maximum ten-
sile stress was 1.3 psi. The tensile stress due to the vacuum
chuck would add to stresses induced by tile proof loading and thus
result in an overconservative proof test. The results also show
that the maximum compressive stress was 1.1 psi.

0S-57 TILE 47 DATA ACQUISITION SYSTEM

The data acquisition system for tile 47 force, moment, and stress

measurements was furnished by Ames Research Center. The system
components and circuit arrangement is shown in Figure 12. The
steady-state (d.c. coupled) voltage outputs from the twelve (12)
transducers responding to loads in the tile were recorded by
HP 9830 and HP 98_5 computers, The dynamic (s.c. coupled) voltage
outputs were recorded individually on magnetic tape and also after

analo_ summation t o yield normal force, pitching moment and rolling
moswn_. Dynamic outputs were also connected to a multi-channel RMS
system, and the RMS voltages were recorded by the HP 9830 and
HP 98_5 computers.

The specific dynamic data recorded on the 32-track tape recorder
is listed in _able 3. The data include the tile "7 force, moment
and stress time histories and also 15 channels of fluctuating
pressure time histories from Kulite pressure transducers that were
at the panel edges.

0S-57 TILE _7 CALIBRATIONS

J

The transducers in tile _? were calibrated after the 0S-57 test
panel was installed in the wind tunnel. Tension loads only were
applied to four (4) weight pans in varbous combinations of loads
on each pan to cover the estimated maximum range of normal force
and moments.(Figure 6). The calibrations were limited to the

tension case only because there was no convenient way to apply
compression loads to the ceiling-mounted panel.

The transducer outputs from the calibration loads were recorded
on the HP 98_5. A regression andlysis of the data was performed
to establish the coefficients to be applied to each transducer

5



output to yAeld the desired normal force and moments. As
previously mentioned transducers C704, C708, C710, and C?12 were
not included in the analysis. Calibration factors for the com-

putation of local stresses were taken from Table i.

0S-57 TEST PROCEDURE

Test 0S-57 was conducted at three (3) combinations of Much number,
M, and free steam dynamic pressure, q_,

M=I.8

M=I.8

M=2._

q_= 660 psf

q,= 860 psf

q_= 788 psf

The flap angle, _, was adjusted to several positions at eaoh of
these conditions to position the shock wave at approximately
2-inch increments from behind to ahead of the instrumented tiles.

At each flap setting, data were recorded on the Hp 9830 and

analog tape recorder.

During the first tunnel run it was observed that voltage outputs
from many of the load transducers in tile "7 were changing more
than expected from aerodynamic loads. The evidence unfortunately
indicated that the transducers were responding to temperature

chan_es, The temperature effect was not so destabilizing to
influence the dynamic data, but the steady-state data from these
runs were unasable. This experience indicates that additional

transducer development and laboratory tests including temperature
variations are needed. Questions arise on whether the tile is

being stressed by temperature gradients or is the RTV bonding
the transducer to the tile stressing with temperature variations?
The unbonded transducers should have drifted less than 5-percent
due to the tunnel temperature change.

The apparent effects of temperature was a slow drift in output

voltage. Therefore a quasl-steady approach was taken to acquire
the desired steady-state forces, moments and local stresses, The
HP 98_5 was programmed to scan 200 points in 2 minutes, to average
every two (2) points, and to record and display i00 points. The

data taking proaedure was as fQllows, (I) The _ransducer outputs
were adjusted to near zero with the flap retracted (no pressure
gradients on the panel). (2) The HF 9845 scan was started. (3) After

approximately 5 seconds to _ecord the seros the flap angle was slowly

cycled two (2) times from 0 to ?0 ° to 0°. During the 2-mlnut_ per- .
iod the drift of transducer outputs due to temperature were negligible
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The flap sweep rate, however, was considered to be sufficiently
slow to yield the equavilent of steady-state data. The analog
tape recorder was operated continuously during the flap sweeps

to record the dynamic data.

aESULTS OF TEST 0S-57

The principal forces, moments, and corresponding stresses of
interest are presented in this section without detailed analyses.
All of the plotted data obtained from tile 47 are contained in
Volume II plus the panel sideline steady-state and fluctuating-
pressure distributions. The panel sideline pressures were used
to determine the shock position on tile 47 versus flap angle.

Rormal Force

Figure 13 show the steady-state normal force versus shock posi-
tion. The substantial scatter in all the steady-state data when
_he shock wave is ahead of or over tile 47 is to be expected be-
cause the low-pass filters did not remove a_ the dynamic content
from _he transducer outputs. Very long time constants relating
to the filters could not be used because of the flap-sweep ap-
proach to obtain the data, _he data show a maximum tensile normal
force of about 6 lb8 when the shock wave was near the mid-chord

of tile 47. The z_p across the shock wave at M=I.8, qwm660 and
_=2.4, q,-788 was about 2 psio The Ap across the shock wave at
M=I.8, %.-860 was about 2.6 psi.

Figure 14 shows the RMS values of the dynamic normal force.
These data were obtained from the first set of runs when the flap
angle was held fixed while data were recorded. The effective in-

tegration time was longer than 1 minute, representing a frequency
range from 3 Hz to 5000 HZo The maximum RMS normal force due to
the 2-psi shock wave was approximately 7 lb8 when the shock wave
was near x/c - 0.3 on tile _'?o Previous analyses of tile dynamic
loads (0S-52 and 0S-53) have shown that the peak-to-PJ(S ratio is
approximately four (4). Thus the peak normal force on tile 47
would be about 28 lbs.

Pitching Moment

Steady-state and dynamic pitching moments are shown in Figure 15
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and 16. The maximum steady-state pitching moments were about

÷ 5 in-lbs when the 2-psi shock wave was between x/c = 0.25
and x/c = 0.75 on tile 47. The dynamic pitching moments were

maximum, approximately 4.5 in-lbs, when the shock wave was near

:x/c = 0.25. The dynamic peak pitching moment would be about
18 in-lbs due to the 2-psi shock wave.

Rolling _ioment

Figure i? and 18 show the steady-state and dynamic rolling
moments. The maximum steady-state rolling moments were larger

than expected, approximately 6 psi, considering that the flow
was two dimensional. Large scatter is also noted in the data
indicating stror6influence from the dynamic loads. The maximum

dynamic rolling moments for the 2-psi shock wave were about
4 in-lbs or 16 in-lbs peak.

Stress

Figures 19 and 20 show the steady-state and dynamic stresses
due to F/A ÷ Mc/I. The maximum steady-state stress due to a

2-psi shock wave was about 0.5 psi. The maximum steady-state
stress occurred when the shock wave was near x/c = 0.5. The
maximum dynamic peak stress was probably close to 4 psi. At

M - 1.8, qm-660 psi (Figure 20(a) the maximum measured dynamic
stresl was 2 psl, however, there were insufficient data points

taken ¢o defi_e the maximum stress point. The data indicate
that the maximum dynamic stress occurred when the shock wave
was near x/c - 0.

Local Stress Measurements

As previously mentioned the individual transducers in tile 47

were calibrated in terms of stress (Table I_. Examples of the
local steady-state and dynamic stresses versus the flap angle
are shewn in Figures 21 and 22. The examples are from trans-

ducers C703 and C707, which were closest _ the upstream corner
of tile _7 where the maximum local stresses were measured.
(All the local measurements are included in Volume II of this
report).

The maximum steadM-state teasile stress due to a 2-psi shock

8
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wave was about 0.7 psi at transducer C707 (Figure 21(d)). The

maximum dynamic stress was about 5.5 psi (RMS) or 2.4-psi peak

(Figure 22(d)). When ezamining any of the figures showing RMS
values of dynamic data obtained during continuous flap sweeps,

hysteresis effect can be noted. This effect was due to the

t_me constant of the Rlt_ system. The time constant was five (_
"tsconds fOr Hurts _ and 6, M 2.41 one,l) seeond _or _un 7, _-1.8.
q -660 pSfl and 0,4 seoondl for nun 8, _:l.8,q :_00 psi.

CONCLUDING REMARKS

Engineering and instrumentation support has been provided to
Rockwell International Corporation to incorporate special strain-
gage transducers in tile _7 for tests 0S-55 and OS-57. The
purpose of the transducer installation was to measure aerodynamic
force, moments, and stresses.

The transducers used for test OS-55 proved to be unsatisfactory
and therefore no data were obtained. Improved transducers were
used fop OS-SF with reasonable success. The long term drift of
the transducers was still unacceptable, due to large temperature
variations during the wind-tunnel rune. However, a continuous
shock-wave sweep approach was employed to eliminate the drift
problem, thus yielding acceptable data.

RECO_4ENDAT_ONS

Af any future tile load measurements are anticipated, the design
of the pressure-equalization system used to make pressure trans-
ducers respond as load transducers should be improved. Specific
designs that will reduce the risk of blocking the pressure-
equalization ports during installation in a tile have been
discussed with a transducer manufacturer and are deemed feasible.

Additional laboratoTF tests of transducers in tiles are needed to
investigate temperature effects. The transducers and/or the

system of bonding the transducers in tiles need to be improved
to eliminate any _emperature sensitivity. Additional wind-tunnel
tests should be conducted to confirm the performance of the
transducer and installation design selected from the laboratory
tests. As with 03-55 and 0$-57 these tests could be conducted in
conjunction with other tile-panel test objectives.
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TABLE I

STRESS SENSITIVITIES OF TRANSDUCERS FOR 0S-517

TRANSDUCER NO. PSI/V

_?01 840

C?02 671

C?03 763

C704 730

C705 909

C706 909

C?07 621

C708 763

07o9 645

C710 599

c711 763

C712 8_0
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TABLE 2

PRESSURE SENSITIVITIES OF TRANSDUCERS FOR 0S-57

TRANSDUCER NO. PSI/V*

0701 l.llE5

0702 -5.55E4

C?03 1.lIE5

C704 -5.00E3

c?o5 -5.55E4

C7O6 -5.55E4

C707 o_

C708 -I.14E4

c?o9 co

C?IO -9.43E3

C711 -2.27E4

C712 7.09E3

* should be op

e. should be 0

STRES$SENSITIVIT_**
PRES. SENSITIVITY

.o076

.012

.0079

.15

.016

.016

0

.067

0

.064

.034

.Ii
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TABLE 3

TAPE EEC0J_DER '_J_ECK IDENTIFICATION

32-TRACK AMPEX FR-1800

TAPE SPEED = 15 Ips

..... =__ _ II Ill " ..............

TRACK CHAN, ID

i Kultte Xp = 15, yp = -14.62

3 17

5 19

7 Xp = 5, Yp = 14.62

9 9

11 11

13 13

15 15

17 17

19 19

21 21

23 23

25 Z5

27 29

29 33

31 Flap Angle

FM CTR FREQ = 27 KHz

tRACK CHAN. ID

2 C701

C702

6 C703

8 C704

lO c7o5

12 C706

14 C707

16 C708

18 C709

20 C710

22 C711

2_ c712

26 NF

28 PM

30 _M

32 IRIG B
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Figure i. PHOTOGRAPH OF 0S-55 TEST PA_EL INSTALLATIO_

IN AI_S 9- x 7-FOOT SUPE_SOI_IC Wli_O TUNNEL



_' PCF PolyuTethane fo_ o_ 0.160 SIP

( tile 056, 57, 58, _ 65)

9 PCF XRSI undeu$if_ed silica tile on 0.160 SIP

9 PCF BkSI undensified silica tile-on

0.160 $1P - lnstrusenced

24.0 in.

(

62

!I_
39.0 in. - J

F" -I

9 PCF HRSI
densified silica
tile on 0.1_0

SIP

9 PCF Poly-
urethane foam
direct bonded

tO substraLe

• Tile thick'hess I.O00

• S'dbstrate is 6.9& thick alumi.-.um plate 2C2&-T351

Figure 2. TEST ARTICLE TILE A_RAY
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Figure 6. P}_OTOGRAPHOF IN'PUNNEL CALIBRATION



Entran Devices, Inc._

' EPF-200 Series
Flatline Pressure Transducers

• 10 PSI TO 500 PSI RANGES
• 0.040" LOW PROFILE
• HIGH NATURAL FREQUENCY
• STEADY STATE & DYNAMIC RESPONSE

i

The EPF-200 Series Pressure Transducer is • new
addition to Entree's line of miniature sensing devices.

Devaloped for applications requiring e low profile
eerie•r, the EPF.200 uses the letast taohnoiow in
umiex)ndu_or transducer design to create a pressure
tensor with optimum operating characteristics.

The EPF-200 is available in psis, psig, psia and psid
configurations to permit complete compatibility with
existing test Wet•ms. Only 0.040" (1ram.) high, the
transducer diaphragm is constructed ofl7-4PH Stainless

Steel to permit operation in a wide range of pressure
media withou_ corrosion or degradation. Other dia-
phragm materials are also available for unusual or ex-
Uemely corrosive environments.

The EPF-200 is • piezoresistive pressure transducer
which combines • fully active semiconductor bridge

with the latest mchnology of transducer design. Its
full scale output is suffi(_ont to drive most r_ _orde'_
and data' monitoring systems. The semic_ .........
0trcultry iS fully compensated for thermal c._.mngasin
the environment end Includes thermal sensitivity
compensation as • standard specification. Thermal
oornpensebon is available either internal or exter_z!
to the transducer to allow for maximum freed• ; ;=_
overall size, handling capability end application.

The EPF-290 Series Pmsure Transducers ore available

in ranges from 10 to 500 psi end function from
steady state to high dynamic responses. The EPF-200
is • low profile transducer which is ideal for testing
requirements such as helicopter blind• studies and tur-
bine pressure meesumments.

" 145 Potation Ave. I EntreeEJlltran _ hi1¢, L_t_ F,,= N.J.O7424 EPF200S-972
(2otl 7es4_so _ . Bulletin

Figure ?. ENTRAN EFP-200 SERIES FLATLINE PRESSURE TRANSDUCE_
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Figure 8. SKETCH OF ENTRAN TRANSDUCER WITH PRESSURE

EQUALIZER TUBE



* _ i i., i I I

Ao @o _o 80

LOAP , LBS

(

Figure 0 PRELIMINARY CALIBRATION OF ENTRAN

WITHOUT PRESSURE EQUALIZATION

TEJ_S,DUCER

p.?



,¢
-CO

O.

1.0

0

D

e.

m

0

FRF_QUENC Yj H z

¢.

0
. | i |

0 I O0 200 300 400 SO0

FREQUE,NCY, Hz.

Figure I0. EFFECTS OF PRESSURE EQUALIZATION TUBING ON

AMPLITUDE AND PHASE OF PRESSURE



(+)

) 707

(_708

1.3 p:,i

_7oI

_ 71o

Figure ii.- STRESSES DUE TO VACUUM CHUCK ON TILE 47

i

a?



/

I-'

• • °

I

; !

I
w

i '
i

I

I

0

.,"a

...-t

3o



Uw ?

+ _ _¢

o

z

1'119CH [.

-8

0 = 6gO F:,s{

ml

,, |,,

"' --' I

N 4.

.. qlr

-IB

_HOCK PO_. X/C _5"_&_'_

(

Figure 13(a). STEADY-STATE NO_I,_L FORCE, _i=l.8,_J,D=660pSf

3t



r,

o

Z

MFICH ! . 'a Q = 860 ps{"

-a

_4 ' '

-6

-Q
,4 _r +t1'

4_

6 4

lh

I

8,0 .5 L.O t.5 _.0

SHOCK PO_. X/C

Figure 13(b). S'fEADY-STATE NOR_U_L FORCE, M=I.8, o_860psf

.[.



O
J_

tU
tJ
_Z
_D
U.

Z

L_

D

-2

-4

-6

-@

I"IACH 2,4 0 = 788 p_f'

.t

m :

4

+

't"

+

, . .. .

4

4

= = ,,,

,It ,,I,

o.
I,

m, Im,

. , i ,

I.

tl

5HOCK P_3G. X/C

Sigure 13(0). STEADY-S'gATE N01_AL FO,_CE, W=2.4,_,,=TB8psf

33



i,i

0
i.

HACH 1 , _.,':'

,, ,,,,,

4

1

B

C! = gGO I::'_I:

SHOCK POE,, X."C

Figure 14(a). DYNAMIC NOR_U%L FORCE, M=l.8,qap660psf

3_



..D

0
L_

U)

MACH 1.8 O -- 8GE) psf

|e -

.,

0

9 I.

-I.B -.5 O,O .5 L.O L.5 2.e

SHOCK POS. X/C _'4= P'l _ED

Figure 14(b). DY_UL_IC N08MAL FORCE, _=l.8,o_ffi860psf

35-



/<o_ "I

¢,

U

(4)

, x

f II-qCH 2.4 C, ---- 789 F:'Sf"

tl

W

B
-I.B -,5 O,B .5 L.O t.5 _.O

SHOCK POS, X/C

Figure 14(c). DYNAMIC NOaMAL FOBCE, _l=2._,7,_=788psf



£
p.-

I
,c
,p

5

n

L@ ............

-a

-4

-e

-@

-18
-1 .B

0 = GGO psf

•o ,J

, 'I"

n

6,

.m.

@ II

L, , , |

4. @ O,

4

Ib

6

4.

II

,.. _ .. . ,

i.
'"' ' ' I'

II
@

, ,n •

-.5 @,B .5 I,.@ t._ 2.1B

SHOCK POS. X/C _"F ,5_.,'(;_p

Flgure 15(a). STEADY-STATE PITOHING MOMENT, M"l,8, q_,"660psf

.

J_



I
C

5
I--

G. B

-4

-8

-B

I'IIZlC:HI . O Q =, 8GO ios_

4,
'4.

@

I"

,16

_r

, ,,

4"

-t

II

't

W

, , -. , t , ,,,,

-10
-l.O -.5 O,O .5 L.8 1.5 2.0

SHOCK POS. X/C El= $,,v_rE'f,

Figure 15(b). STEADY-STATE PITCHING MO)LENT, 14=1.8, :q_=860psf

3F



Ru,v G

.g

I
c.

-r
&J
l.-

n

B

4

E

B

-2

-4

-6

-g

-1{t

it ,t

Ill

MI=ICI4 2 .4

't 4.

i y.

4_

J

-- It Ii

-1.B -.5 g,B .5 t.e 1.5 2.e

5HOCK P05. X/C _e _;_._£F"

Figure 15(c). STEADY-STATE PITCHING MOMERf, M=2._,_ =788psf

-©

37



I
c,

.L"

,-I,-

I,,-

13,.

I.n

IO

HACN !. 8

,,,., ,, J , .,, ,

Ill

-1._ -.5 2.2 .5 L._ l._ 2._

5HO(.I'.; 1=',,.35. X/C ..i

Figure 16(a). DYNAMIC PITCHING MOJ_ENT, £_=1.8, q_=660psf



e--

I
t-

M

C_

l_

?

6

4

3
I

2

] i _, . , , i , ,

B

-1 .B -.5

PIACI4 I. 8 O - 8GO p_ f

. , |

I

, • , =i :

It

O,D .5 1.8 1,5

SHOCK POS. X/C

Figure 16 (b }. DYNAMIC PITCI_ING MOI_,I_ M=I. 8, o._=860psf



I
t-
.w-

5
P-4
n

n"

L_ ......

9

B

7

6

6

4

3

2

!

B

-I .B

I'IACH 2.4 O = 789 psi:

-.5 O,B .5 L .0

N

L.5 2.8

5HOCK PO5. X/'C

Figure 16(c}. DYNAMIC PITCHING MOMENT, _=2.4, ct_=?88ps_



_c:/v "/

I

.@.,

d

10

8

D

-2

-4

-G

-m

-10

-I .B

MRCH l.8 Q = £GO ps_

., , ,. , .,

4.

-w

,t

, f
N'

4

4

,.4

4

,4. I'

,,. 4.

! iq

÷

..= ,

If.

I.

.. ,i

, ,, ,. , .

-.5 e,B ._ t..0 I .5 _.8

SHOCK POS. X/C _. _,_-EP

Figure 17(a). SI'EADY-STATE _0LLING MOMENT, M=I.8, q_--660psf

q3



/Cd_ ?

mm

I

-4,

-a

-4

-6

-g

HACH l. 8

4. 46

t1' 4.

1.1

÷

iJ

0 = 860 pmf

, , ,A , J |

4

tl • _ .Hi i

• , , , u , ......

4

W

-10
-1.9 -,5 0,9 .5 L.O L.5 2._

5HOCK P05. X.,'C _"1_ _,' i_i_ t-_ j

Figure 17(b). STEADY-STATE ROLLII_G MOI&ENT, M=l.8,q_=860psf

•._...



4\
\

A
I
c
,F-

Le

B , ,,

8

_w
4 ' '

t

2

,, , ,

--_ ,,,

-10
-1 ,B

I'IRCH 2.4

÷

•t ÷

0 -

I,

788 ps£

4 _

?

-,5 e,B .5 1.8 1,5 2.G

51-IOCI'(PO5. X/C F,= .¢*,.._£_,,

Figure 17(c). STEADY-STATE _OLLING MO_,_-NT, _=2.@, q_-788psf

qS-



_d_ 3

!

_J

_v

|g

B

¢

4

2

I

HACH 1.8 Q = G60 ps.t:

, ,L

-I.B -.5 g.O .5 t.g |.5 _.0

5,HOCK P05. X,"C .._..J

Figure 18(a). DYNAMIC ROLLING MOMENT, M=I.8, q_=660psf

q6



_c) A/ ::L

I
e,

.tI

n,,

L_I

Q - 8E;O ps#1'tI-3CH I.8

, , ,,.

• . • i ,

!

-,5 I).B

It
N

,, i,

|,

0
-I,B ._ L,O L,5

5HOCK P05. XIC

Figure 18(b). DYNAMIC ROLLING MOMENT, _vi=1.8, _=860psf



I

.J

.J

t_

I,'IRCH2.4 C_-- 789 psf

5HOC:K POS. X/C

FiEure 18(c). DYNAMIC BOILING MOMENt, M=2._, qm=?88psf



• ! _.v

o.

l.n

,.v

Z:

l.il

MI:ICH 1.8

0.Q

-.a

-.4

-.6

-.il

i_ "" '

,6

._ ,,! H

.2

,

O - GGQ ps.F

=1 It

I'
4

i •

m II
+1_

It

41,

II .. _. 4

,il.
tl

't"

'1,

-l.O -.5 O,B .5 l.O 1.5 2.0

SHOCK POS. X/C

(

Figure 19(a). STEADY-STATE STRESS DUE TO (P/& * Mc/I)
M=I.8. q =660psf



1.6

,8

,6
,p

ae_

U) .4
(.y)
I.,J

!-

-.2

-,4

-,e

-.i

MRCH 1.8 Q = 860 ps_

..... '-I

]1,,

II ,ol

4,
T

It 4

It

I,

,,Ill __

÷

|

lUI'

,le.

4_

-.5 8,B .5 t.8 t._ 2,0

,_HOCK POS. X/C

Figure 19 (b). STEADY-STATE STRESS DUE TO (FiX +MclI)

M=I.8, q "860psf



b'/t/ b

O,,

f/I

,r

1.0

,0

.6

.4

B.O

-L .Q
-l.D

0 - 788 psf

,=

4,

'It ',t

1,1FICH 2.4

,e, ,,,

, ,

,=| , .i •

'k

4.
.I

4
'J' N

•t, @

!4.

e
'4"

t.

, . , =

-.5

'4"

O,B .5 L.0 L.5

5HOCK POS. X/C FF

2,0

_JIF- p

Figure 19 ( c ). STEADY-STATE S'l'n_SS DD_ T_ (F/A + _c/I)

_=2.@, q =788psf

:%%, •



_V_ 3

tIJ

to

v

tJ

Lg

8

_'IRCH I . 8 O -- 6GO p_f

il

-I.D -.5 8,B .5 L.O |.5 2.0

SIIOC:K PO._. X/C

Figure 20(a). DYNAMIC PEAK ST,IESS DUE TO (Frms/A ÷ Mrm__C/I)4
M=I.8, q =660plf



Q.

t--
U)

v

5

LO '-

B

6

5

4

3

2

) • ,=

i
B
-I.B -.5 B,B ,5 t.8 l.S 2.e

L'

SHOCK POS. X/C

Figure 20(b). DYNAMlC PEAE STRESS DUE TO (Fr.ms/A + _msC/I_
e_=l.8, q =860psf

$-3



/{ v.,./ ff

I-.
LD

v

i,J
D.

4

)

i

B
-1 .B

MACH 2.4 0 = 789 psT

,.i I"

.,, , , , ..[

.... .i

l

I

, ,J

I

4_

-.5 0,0 .5 L.8

J I I l Ill i I _.

N

_ ±,

,ll

SHOCK P05. ×/C

Figure 20 (c ). DYNAMIC PEAK STRESS DUE TO (Frms/A * MrmsC/l)4
14=2.4, q ,,788psf

;5.



CHRHHEL 3.0
RUH?R

I,@

,8

@

u)

U .I

_ B.a

.,ID

"'.4

-.D

a,. I

-[,0

NFICH 1.8 Q - 81;_ GAGE 3

I 10 all |tl 4'0 50 Gel ?B tie SB

FLRP RNGLE daEi

Figure 21(a). LOCAL STEADY-STATE STRESSES, C703,
It " 1.8, q.... 660psf ,:

(

£$



CHANNEL 7.0

RUNTR

Q,.

u';

u_

.0

,4

,Z

-.4

-,0

_,,°I

-L,_I

HiaCH I.@ Q - GGID GRGE 7

W
4

FLRP RNGLE de_

90

Plgure 21(b). LOCAL _TEADY_STATE STRESSES, C707°
J - 1.U, _ 660psf .:

_6



CHRNNEL 3.0

RUNGB

U

E

l.g

,8

,O

.4

.a

g.e

-o_

-| .g

HACH 2.4

qt

4,

g 16 20 )g

Q - 788 GFIGIZ 3

40 50 60 ?B (i0 90

F'LRP RNGLE .de B

Figure 21(c). LOCAL STEADY-STATE STHESSES, C?0_,
U - 2_, o.,.- 788psf



CHRNNEL 7,0

RUN6B

Q.

(,n

U

E
U1

I.Q

.0

.G

.4

I).8

-e4

",O

-I .|

HRCH 2.4

_'m" _ _ 'i,_ "_

O - 7BG GRGI:- 7

@ 18 ;_B _)8 4e 50 68

&

'It

FLRP RNGLE .ch_l

9B

Figure 21 (d) • LOCAL STEADY-STATE STRESSES, C?0?,
W = 2.4, q_= 788pal

s_r



_-- CHRttNEL 3.

RUN7R

II,.

U_

1.6

,$

.0

.?

,m

.4

.3

.2

,I

I1,0

HRCH 1.8

I 1_1 28 lbg

Q - 668 GRGE 3

40 58 _ ?B 0_ 88

IrLRP RNGLIr de_l

FJ.guee 22(a), LOCAL DYNAMIC STRESSES. C?03,

M = 1.8, q_ = 660psf



CHFtHHEL ?. 0

RUHTFI

.p.

U)

C_
I-
(A

|

l.tl

.$

.e

,7'

.IS

.I;

,4

,3

.8

.I

B, il

MILCH ]. 8 Q - 860 GAGE 7

FLAP FINGLE de_

Figure 22(b_. LOCAL DYNAMIC STRESSES, C?0?,

H = 1.8, q.- 660psf



CHANNEL 3°8

RUH6B

%

a.

u_

|

1,8

.e

.e

.?

.is

,I

,4

,3

,a

.3

B,Q

I'tRCH 2.4 Q - 788 GRGE 3

FLRP RNGLE de 9

eB

.

Figure 2Z (o) • LOCAL DYNAMIC STRESSES, C703,
M- 2._, q_- ?88psi

61



CHRNNEL ?. 8

RUN6B

g.

,,v

.O

,?

.6

,S

,4

,3

,2

,I

D.a

MRCH 2.4 Q = 288 GRGE ?

FLRP RNGLE de_

Figure 22(d). LOCAL DYNAMIC STRESSES, C707,
M = 2.LI_ %=o" 788pet


